Using the phenomenon of natural convection, or buoyancy, has often been proposed as a way to utilize solar energy. The general approach is to generate a natural convection flow within a confining structure such as a tower. Natural convection can provide either a heated (rising) or a cooled (sinking) flow. Heated natural convection flow can be achieved by direct collection of incident solar radiation. This type of solar energy collection would occur at the base of the system, and the flow would exit at the top. With cooled natural convection flow, heat would be extracted at the top and the flow would exit at the base of the system.
The objective of the AIWEC Program is to assess the technical feasibility and support research and development of innovative wind energy concepts.
The use of natural convection to extract energy has often been proposed to the AIWEC Program. Thus, a theoretical study of Natural Convection Energy Conversion Systems (NCECS) was undertaken by this Program. The purpose of the study was to determine what performance potential might be expected from these systems, considering various environmental and operational parameters. This report summarizes the assumptions, analyses, and results of that study.
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SUMMARY
Using the phenomenon of natural convection, or buoyancy, has often been proposed as a way to utilize solar energy. The general approach is to generate a natural convection flow within a confining structure such as a tower. Natural convection can provide either a heated (rising) or a cooled (sinking) flow. Heated natural convection flow can be achieved by direct collection of incident solar radiation. This type of solar energy collection would occur at the base of the system, and the flow would exit at the top. With cooled natural convection flow, heat would be extracted at the top and the flow would exit at the base of the system. One of the more obvious methods of extracting heat utilizes the latent heat of vaporization of evaporating water.
Because the heat content of the ambient air is essentially provided by solar energy, the cooled natural convection energy conversion system can also be considered a solar-powered device. Note that heat collection or extraction can also occur within the confining structure.
This report summarizes theoretical analyses of the ideal thermodynamic cycle efficiencies potentially attainable by natural convection energy conversion sys tems.
Assuming ideal processes (i. e., no frictional or thermal losses), appropriate thermodynamic models could be developed for both heated and cooled systems.
Tower configurations were assumed for the analyses. However, the results are applicable to all structural configurations intended to utilize the natural convection phenomenon.
Other possible configurations include geodesic domes and natural or man-made channels utilizing mountainous or hilly terrain. Computer simulations of these models were used to facilitate calculatjon procedures.
Ambient atmospheric conditions, such as a very stable lapse rate and high relative humidity, can have significantly adverse effects on the performance of natural convection towers.
The ideal conversion efficiencies of both heated and cooled towers decrease as the lapse rate, or vertical temperature gradient, decreases within its stable range. Maximum performance is achieved for an adiabatic atmosphere corresponding to the maximum or neutrally stable lapse rate.
Increases in ambient relative humidity significantly affect cooled natural convection tower performance, both by limiting heat extraction from the intake airflow and by reducing the ideal conversion efficiency for absolutely stable lapse rates. Analysis also shows that ideally, natural convection towers would provide higher conversion efficiencies in cooler climates, yet would produce less power because of lower insolation levels for the heated tower and diminished heat extraction from the cooled tower.
To determine the economic potential of natural convection towers, a cost study would be needed.
However, some conclusions can be drawn from this study regarding performance limitations with significant economic impacts. For example, the low conversion efficiencies of heated natural convection towers would necessitate a very large solar collector area for useful power output levels.
Thus, solar collector costs and associated land requirements may severely limit the potential of heated natural convection towers.
Similarly, the cooled natural convection tower would be most efficient in a low-humidity environment.
However, except in coastal regions, low humidity and abundant water supplies usually are mutually exclusive, thus limiting the applicability v S=~I I: ' TR-1950 of cooled natural convection towers.
Both the performance and the cost of natural convection towers increase with tower height. Further analysis, then, would be needed to ascertain the most cost-effective tower height. 
LIST OF FIGURES
INTRODUCTION
The phenomenon of natural convection, or buoyancy, has often been proposed for use in solar energy conversion to produce either heated (rising) or cooled (sinking) flow within a confining structure such as a to~er (chimney), a geodesic dome, or a closed channel utilizing natural terr ;lin. Heated natural convection can be achieved by direct collection of incidel.t solar energy to an inflow at the base of the system.
For cooled natural convection, heat would be extracted from the inflow at the top and the flow would exit at the base of the system. The heat can most easily be extracted by making use of the latent heat of vaporization for evaporating water. This paper summarizes theoretical analyses of the ideal conversion efficiencies attainable by natural convection energy conversion systems (NCECS). Although the analyses employ the tower (chimney) configuration, the results are applicable to any open-cycle NCECS.
Schematics of solar-powered heated and cooled natural convection towers are shown in Figures 1-1 and 1-2 , respectively.
Because the convective flow can be thought of as an induced wind, such systems are often considered wind energy conversion devices. However, an NCECS is more properly described as a heat engine with a corresponding thermodynamic cycle and a thermodynamic efficiency.
In essence, an NCECS exploits the energy differential between the artificial atmosphere created within its confining structure and the ambient atmosphere. 
Air Flow
Barring saturated conditions, humidity effects would be insignificant; therefore, they can be neglected. In addition, dynamic pressures are neglected by presuming that the system can be configured so as to eliminate dynamic pressure effects on the thermodynamic state variables. All losses, such as friction, mechanical, and heat losses, are assumed to be zero, and all heat exchange and work processes are assumed to be 100% efficient. Any real system would incur these losses, however, and resulting efficiencies would be lower than the ideal case.
.. 1 IDEAL CONVERSION EFFICIENCY OF A BEATED NATURAL CONVECTION TOWER.
The energy conversion efficiency of a heated natural convection tower represented by the thermodynamic cycle shown in Figure 2 -1 is given by
qin where w out is the work output (i.e., the power extracted by the turbine), and q'n is the heat input provided by solar energy collection. w out is defined as tfie product of the volume flow rate and the pressure drop across the turbine:
At 100% collection efficiency, qin is equivalent to the increase in enthalpy of the air flow, or 2-4 shows that the ideal conversion convection tower is limited the maximum I1Th ts of fIm" rate and tower (2) (3) heat at constant pressure, of continuity, (i.e •• is the mean air to
natural convection tower is a heat ; hence, it cannot exceed of a Carnot cycle with the same hot and cold reservoirs (i.e., same as the ambient at the tower inlet and exit heights). Note that the Carnot must be based on a dry adiabatic atmosphere. Thus,
For an idealized heated natural convection tower. equivalent results for a dry adiabatic atmosphere.
(2-5)
Eqs. 2-4 and 2-5 furnish However, Eq. 2-4 provides
greater insight into performance parameters and limitations and is, therefore, the basis of the present analysis.
Sample Calculation of Heated Natural Convection Tower Performance
The following is a sample calculation of the ideal conversion efficiency of a 304.8-m (1000-ft)-high heated natural convection tower employing the thermodynamic cycle represented in Figure 2 TD is found by assuming a value for ~Tc' the decrease in temperature necessary to return the exhaust flow to the ambient air temperature at the tower exit height (zD). ~Th is implicitly chosen by this assumption. For the present calculation, ~Tc is assumed to be 11.0 K (19.8 R), giving TD = 296.18 K (533.1 R).
Because the cooling process is idealized as isobaric, PD = PE = 97,713 Pa (2040.8 psf).
Assuming that the flow within the tower is adiabatic, Eqs. 2-6 and 2-7 can again be employed to give Pc = 101,189 Pa (2113.4 psf) and TC = 299.15 K (538.5 R).
With Pc and TC known and PR = PA' Eq. 2-7 then yields TB = 299.26 K (538.7 R). Thus, ~Th = TA -TB = 11.11K (20.0 R), and from Eq. 2-4: The Carnot efficiency as given by Eq. 2-5 is also 1.03%, thereby confirming the validity of the analysis.
The density of Ptd = 1.180 kg/m 3 is based on the perfect gas equation:
where T t and Pt are the mean temperature and pressure of the flow during the turbine expansion process.
TOWER HEIGHT EFFECTS ON HEATED NATURAL CONVECTION TOWER PERFORMANCE
Varying the height (zE) of the heated natural convection tower analysis shows that the pressure drop across the turbine conversion efficiency increas.e with tower height.
As Figure 2 -2, the conversion efficiency is a linear function of mately equal to 3.4%/~~ (1.0%/1000 ft).
in the previous (~Pt) and the illustrated in height approxiThe tower in a heated natural convection system can also be used as a solar energy collector.
The effectiveness of heat added to the tower can be analyzed by substituting The results indicate that the heat input to the tower is less effective and adversely affects overall conversion efficiency.
As shown above, heated natural convection tower performance is strongly dependent on height. Hence, any heat input to the system above base level would be less effective, and, consequently, overall conversion efficiency decreases with the use of the tower as a solar collector.
Although using the tower as a solar collector would increase heat input and, hence, power output, the projected area of the tower would normally be small compared with the solar collector area at the base of the system, thus limiting the relative collection capacity of the tower.
Depending on the tower as the dominant or sole energy collection system would not only reduce conversion efficiency, it would also severely limit power output. 
FORMANCE
Because a natural convection tower exploits the energy differential between the flow within the tower and the a1Jlbient atmosphere, the performance of the system would be sensitive to atmospheric conditions. Thus, analysis of a heated natural convection tower requires modelling differing atmospheric conditions and resulting effects on performance. Relevant parameters include the vertical temperature gradient or lapse rate (-dT/dz), initial pressure (PA) and temperature (T A ), and relative humidity (rA)' More detailed treatments of the atmospheric thermodynamics employed by this analysis are available in Refs. [lJ and [2] .
Lapse Rate Effects
Although the earth's atmosphere is a complex. dynamic environment, a simplified dry air atmospheric model, based on constant temperature lapse rates respectively. Equations 2-12 and 2-13 are derived in Appendix B and can be substituted for Eqs. 2-6 and 2-7 in calculating ideal heated natural convection tower performance.
The conversion efficiency in a dry adiabatic atmosphere can be obtained with Eqs. 2-12 and 2-13 by employing the dry adiabatic lapse rate, Aad = 9.76 K/km (5.36 R/1000 ft).
Note that the NACA Standard Atmosphere [1] has a lapse rate of 6.49 K/km (3.56 R/1000 ft).
A dry adiabatic atmosphere is neutrally stable; i.e., Aad is the maximum stable lapse rate.
Lapse rates greater than Aad evidence an unstable atmosphere and are, therefore, precluded from the present study, although the tower could conceivably produce without the addition or extraction of heat in an unstable atmosphere.
Heated natural convection tower performance for differing lapse rates in dry air is shown as a function of temperature increase in the solar collector (~Th) in Figure 2- 4. These results demonstrate that conversion efficiency is maximized and independent of ~Th for a dry adiabatic atmosphere. In contrast, the efficiencies obtained for absolutely stable atmospheres (A < A ad ) are dependent on ~Th' going to zero as ~Th + (1/2)zE (A d -A), and asymptotically approaching the dry adiabatic result as ~Th + 00. ~~A = zE(Aad -A) represents the heat "loss" in the atmospheric leg (E-A) of the thermodynamic cycle. For ~Th = -~T = (l/2)~TA' ~Pt = ° and n = 0, while for ~Th = ~TA' ~Tc = ° and n is one-ha1f of the adiabatic conversion efficiency for all A.
As ~Th + 00, ~TA/ ~Th + 0, thus minimizing the adverse effect of heat loss in the nonadiabatic atmosphere.
However, since the heat loss is directly proportional to zE' this effect increases with tower height, as shown in Figure 2 -5.
Inlet Atmospheric Conditions (PA and T A )
All of the results presented previously are based on an atmospheric pressure PA of 101,325 Pa (2116.2 psf) and a temperature Ti}. of 288.15 K (518.7 R) at the ground level inlet to the solar energy collect10n system. Repeating the calculations with varying inlet atmospheric conditions leads to the conclusion that heated natural convection tower performance is independent of PA but dependent on. T A • Inspection of Eqs. 2-6, 2-7, 2-12, and 2-13 shows that T(z)/T A • P(z)/PA' and thus ~Pt are functions of TA but independent of PAe Ideal conversion efficiency versus inlet temperature (T A) in a dry adiabatic atmosphere is shown in Figure 2 -6 and indicates that the heated natural convection tower would achieve a higher performance in a cooler climate. However. the increase is relatively insignificant, and a high insolation level would be more important in siting the system.
Humidity Effects
The presence of ambient humidity or water vapor requires modification of the physical constants used in the analysis. The necessary equations are As m is normally much less than 0.04, the effects of humidity on performance are insignificant. For example, reiterating the previous sample calculation assuming m A = 0.005, which is sufficiently low to prohibit saturation, produces no significant change in the ideal performance predicted for a heated natural convection tower.
Saturated conditions imply low insolation levels (cloudy conditions); thus, they are precluded from this analysis.
---
SECTION 3.0 COOLED NATURAL CONVECTION TOWERS
The thermodynamic cycle modelling an ideal cooled natural convection tower in an adiabatic atmosphere is shown in Figure 3-1 . As for the heated tower, all losses are assumed to be zero, all heat exchange and work processes are assumed to occur at 100% efficiency, and dynamic pressure effects are neglected. However, with the use of evaporative cooling, humidity effects are significant. 2. Evaporative cooling of inlet air at constant wet-bulb temperature to a saturated state.
Assuming that the injected water is at the wet-bulb temperature of the inlet air, the cooling process is isenthalpic as well as isobaric. Thus, the total heat remains constant, but the intake air temperature is reduced, resulting in a downward buoyant force [Leg B-G]. A discussion of evaporative cooling can be found in Ref. [3] . Assuming that the injected water is at the wet-bulb temperature, necessary for purely evaporative cooling, simplifies the analysis. Other water temperatures would have negligible effects on conversion efficiencies, although the reduction in air temperature, and hence the power output (w t), would be affected. Note, however, that the wet-bulb temperatures obtaf~d in this study are only slightly above freezing; thus, they essentially provide the upper limit to heat extraction from the intake air flow. In general. the relative effects on both power conversion efficiency (~) and magnitude (w put ) must be differentiated in analyzing cooled natural convection tower pertormance.
.. 1 IDEAL CONVERSION EFFICIENCY OF A COOLED NATURAL CONVECTION TOWER.
The thermodynamically rigorous definition of cooled natural convection tower performance is given by Eq. 2-1, with a modification to account for the power needed to pump the required water to the top of the tower. However, the efficiency of greater interest is based on the heat extraction (qout) from the inlet air at the top of the tower; i.e., w -w out pump qout (3-1)
As for the heated tower, w out ' the turbine power output is given by Eq. 2-2:
The ideal or minimum pumping requirements can be related to the intake air flow rate by
where ~. : p A V ; and 6m. the mixing ratio increase during the evaporative coolinga1>i-oces~m (met -m B ). is the amount of water per kg of air necessary to achieve saturation. Ptm is based on the mixing ratio of the inlet air; i.e., mB is used in Eq. 3-3, because ~air does not include water vapor added during the evaporation process. The heat extracted by the evaporative cooling is given by (3) (4) Only the heat loss of the intake air needs to be calculated, because the water injected into the flow is assumed to be at the wet-bulb temperature. Thus. for Eq. 3-4, Ptm is provided by Eq. 3-3 and cp'm is given by Eq. 2-14, with m = mB. Combining Eqs. 2-2, 3-2, 3-3, and 3-4 with Eq. 3-1 yields
The calculation of cooled natural convection tower performance, based on the ideal thermodynamic cycle shown in Figure 3 Neglecting the pumping requirements and basing the efficiency on qin' the heat added to the exhausted flow, yields a conversion efficiency of 0.95%. The Carnot efficiency, given by Eq. 2-5 with TB substituted for T E , is 1.03%. Thus, the addition of water vapor during the evaporative cooling process has a small but adverse effect on the ideal cooled natural convection tower performance.
TOWER HEIGII'f EFFECTS ON COOLED NATURAL CONVECTION TOWER PERFORMANCE
Cooled natural convection tower performance is also strongly dependent on tower height.
As shown in Figure 3 -2, the ideal conversion efficiency increases as a linear function of height equal to ~2.75%/km (0.85%/1000 ft). The lower result relative to the heated natural convection tower is due to the addition of water vapor in the evaporative cooling process and associated water pumping losses. Without the pumping losses, the ideal conversion efficiency is ~3.1%/km (0.95%/1000 ft). Evaporative cooling of the flow within the tower would decrease the overall conversion yet increase the total heat extraction from the airflow power output of a cooled natural convection system. Because for any increment of heat extraction is dependent on the extraction point, evaporative cooling within the tower adds force but less than the evaporative coolinlet.
However) the increase in power output due to the tower would be relatively small. For the prepower increase would be less than 10%. This TD with its corresponding wet bulb temperature calculation. 3 .
COOLED liATURAL CONVECTION TOWER cooled natural convection tower also requires modelling differconditions to determine the resulting effects on performance include lapse rate (-dT / dz), initial pressure , and ambient relative humidity (rA)'
Varying the initial pressure and temperature used in the cooled natural convection tower analysis shows that performance is independent of PA but dependent on TAO As for the heated tower, T(z)/T A , P(z)/PA' and 6Pt are functions
of T A but independent of PA' A plot of cooled natural convection tower performance versus TA for an adiabatic atmosphere is shown in Figure 3-3. Figure 3-3 indicates that the cooled natural convection tower would also achieve better efficiencies in a cooler climate. However, power output would decrease as TA decreases because of diminished heat extraction.
Lapse Rates and Humidity Effects
The combined effects of the vertical temperature gradient or lapse rate and the relative humidity are of particular importance for cooled natural convection towers. As can be seen in Figure 3 -4, the ideal conversion efficiency of a cooled tower is independent of ambient relative humidity in an adiabatic atmosphere. However, humidity effects are increasingly adverse as the lapse rate decreases in the absolutely stable range 0 . . < A a )' Also note that, for any lapse rate, power output must necessarily go to zero as the ambient relative humidity at the tower inlet approaches 100%. Thus, cooled natural convection tower performance is adversely affected by high ambient relative humidity and/or low lapse rates. .r: 
SUMMARY AND CONCLUSIONS
Use of the natural convection phenomenon for energy conversion has been analyzed for both heated (ascending) and cooled (descending) flows within a tower or chimney. However, the results are applicable to any open-cycle configuration. The heated tower flow can be produced by direct collection of incident solar energy. Evaporative cooling with water can be employed as a cooling mechanism for the cooled natural convection tower.
Natural convection tower performance is most strongly affected by tower height.
For the heated tower, the ideal conversion efficiency increases at ~3.4%/km (1.0%/1000 ft). Cooled tower performance increases at the lower rate of ~2. 75%/km (0.85%/1000 ft) because of the addition of water vapor in the evaporative cooling process and water pumping losses.
Ambient atmospheric conditions such as a very stable lapse rate and a high relative humidity can have significantly adverse effects on natural convection tower performance.
The ideal conversion efficiencies of both heated and cooled towers decrease as the lapse rate, or vertical temperature gradient. decreases within its stable range.
Haximum performance is achieved for an adiabatic atmosphere corresponding to the maximum or neutrally stable lapse rate.
Increases in ambient relative humidity significantly affect cooled natural convection tower performance, both by limiting heat extraction from the intake airflow and by reducing the ideal conversion efficiency for absolutely stable rates. Analysis also shows that ideally. natural convection towers would provide higher conversion efficiencies in cooler climates, yet would produce less power because of lower insolation levels for the heated tower and diminished heat extraction from the cooled tower.
However, some conclusions can be drawn from this study regarding performance limitations with significant economic impacts. For example. the low conversion efficiencies of heated natural convection towers vlOuld necessitate a very large solar collector area for useful power output levels.
Thus. solar collector costs and associated land requirements may severely limit the potential of heated natural convection towers.
However, except in coastal regions, low humidity and abundant water supplies usually are mutually exclusive, which limits the applicability of cooled natural convection towers. Note also that both performance and cost for natural convection towers increase with tower height.
Further analysis would be needed, then, to ascertain the most cost-effective tower height.
APPENDIX B VARIATION OF PRESSURE AND TEMPERATURE WITH HEIGHT AS A FUNCTION OF LAPSE RATE (A = -dT/dz)
The change of pressure and temperature with height for varying lapse rates (A = -dT/dz) can be derived by employing the ideal equation of state for dry air, (B-l) and the hydrostatic equation, where TA is the temperature at z = zAo Combining Eq. B-2 with Eq. B-3 gives Using Eq. B-1 and the relationship p = l/v, Eq. B-4 then becomes dp = gp dT, ""-'D=--oc-u-m-e-n7't -=c:-o-n"7tr-o"7I-'-11.-S::-:E:":R:-I-=R=-e-po-r- t N:-o-.----~12.=-N:-IT~I~S-A-cc-e-s-si-on-No-.--.,..-:3:-. -=R=-e=-ci=-p=-ie-nt7"s-A=-c-ce-s-sl=-' o-n -N-o-. ----i Page SERI/TR-211-1950 I ~4.:-T~it-le-a-n=-d:-S~u:-bt-:-it-le---~~~~~~~~~~~------------~:-5:-.-:P-u:-bl:-ic-at-:-io-n:-D~a-te------------"' This report presents a theoretical study of solar-powered natural convection tower (chimney) performance. Both heated and cooled towers are analyzed; the latter uses evaporating water as the cooling mechanism. The results, which are applicable to any open-cycle configuration, show that the ideal conversion efficiencies of both heated and cooled natural convection towers are linear functions of height. The performance of a heated tower in an adiabatic atmosphere ideally approaches the Carnot efficiency limit of ~3.4%/km (1.0%/1000 ft). Including water pumping requirements, the ideal limit to cooled tower performance is ~2.75%/km (0.85%/1000 ft). Ambient atmospheric conditions such as vertical temperature gradient (lapse rate) and relative humidity can have significantly adverse effects on natural convection tower performance. The combined effects of lapse rate and ambient relative humidity are especially important to cooled natural convection towers. 
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